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NOTE
NACA Research Memorandum ES54116

By Herschel J. Fivel, Leonard K. Power, and James B. Gibbs

At the time this report was written the best deta avallsble
on the thermodynamic and physical properties of baslc oxide were
used in computing performsnce data. Investigations now in progress
indicate that some of these properties may be inaccurate. For
this reason gbsolute values of performance data presented herein
must be viewed with caution. However, relative comparisons
among different combustor configurations are probably wvalid.
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RESEARCH MEMORANDUM

PENTABORANE COMBUSTION PERFORMANCE IN 9.75-INCH-DIAMETER RAM-JET
ENGINE IN CONNECTED-PIPE AUTITUDE FACILITY

By Herschel J. Fivel, Leonard K. Tower, and James B. Gibbs

SUMMARY

The performanceé of penteborane fuel was investigated in a flight-
type, 9.75-inch-diameter ram-jet engine mounted in a connected-pipe alti-
tude facllity. A combustor configuration was developed that provided
acceptable combustion performance for the equivalence-ratio range inves-
tigated, 0.10 to 0.93, and for combustor-inlet presgures of 3.6 to 29.9
pounds per square inch absolute. The configurstion consisted of & fuel
injector having three injection ports in each of eight tubes mounted
radially on a central chamber, a 30-percent-blocked-area radial V-gutter
fleme holder with eight segments, and a combustion-chamber length of
45 inches.

Combustor efficiency was above 85 percent throughout the range of
test conditions. At the richest equivalence ratio investigated, 0.93,
the air-specific impulse value was 175 seconds. Satlsfactory ignition
and sterting characteristics were displayed over an equivalence-ratio
range of 0-10 to 0.52. All combustor parts withstood damege for the
durstion of the tests. Solid deposits, with a maximum layer thickness
of 1/8 inch, were found on all combustor parts, but the engine perform-
ance was not affected. The deta were extended to include the estimated
performance of g flight vehicle along a proposed path of free-stream Mach
number of 0.67 to 1.80.

INTRODUCTION

Specific fuels are belng investigated at the NACA Lewls laboratory
in an effort to extend the range, thrust, and operational limits of jet-
propelled aircraft. Analytical lmpulse calculations indicate that boron
hydride fuels, which have desirable heating values, are among those fuels
that could provide range and thrust beyond that possible with hydrocarbon
fuels (ref. 1). Aerodynsmic analyses have predicted ranges from 30 to 50
percent greater than that of & hydrocarbon fuel for elther diborane or
pentaborane in s long-range, ram-jet powered aircraft; the value depends
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upon the additional fuel-system welght assigned to handle the special
fuel (refs. 2 and 3). The boiling points of diborane and pentsborane at
sea-level pressure are -134° and 137° F, respectively. Therefore,
rentaborane flight=type fuel-system welght penalties and handling prob-
lems should not be as severe as those expected for diborane.

Experimental investigations have indicated that the use of penta-
borane nmay result in substantial gains in combustion stability because
of the 1lmprovement it affords to flame speed and blow-out velocities.

A small percentage of pentaborane in ethane increzaged the flame speed
approximately 16-fold over that of ethane alone (ref. 4). The blow-out
velocities (measured in a 2-in. diam. ram-jet combustor) of pentaborane-
hydrocarbon fuel blends increased as the pentaborene concentrstion in-
creased (ref. 5). Blow-out velocities of a 25-percent pentaborane-
hydrocarbon blend were equal to the blow-out velocities of propylene
oxide, a high-flame-gpeed fuel. Therefore, wide engine operational
limits are anticipated for pure pentaborane.

One of the problems anticlpated in the use of fuels containing boron
is the formation of solid boron oxide deposits on surfaces exposed to the
combustion products. Although the boron oxide would exist as a liquid or
vepor at combustor temperastures of interest, the oxide could exlst near
the combustor walls in the solid state, or the liquid oxide could be
frozen as it made contact with the combustor wall. TIn short-duration
tests in 2-inch-dismeter combustors burning diborane (ref. 3) and
pentaborane-hydrocarbon blends (ref. 5), boron oxide collected on the
combustor walls, but the deposits were of insufficient gquantity to inter-
fere with normal operation of the combustor.

Flight tests using pentaborane fuel were planned for ram-jet vehl-
cles of a previously investigated type in which gasoline was used (refs.
6 and 7). These vehicles were l6-inch-diameter, fin-stabilized, ungulded
units launched from & carrier plane at high altitudes. The vehlcles were
self-accelerated from subsonic to supersonic speeds. However, the engine
dismeter was reduced to 9.75 inches for this program with pentaborane in
order to conserve fuel. The investigation reported hereln was initiated
to develop a fuel-injector and flame-holder configuration and fuel-
haendling techniques suitable for use in the 9.75-inch flight engine.
Stable and efficient combustion, satisfactory ignition of the engine,
sdequate dqurebllity of combustor components, and freedom from excessive
solid deposition were required for successful flight tests. A model
which simulated the £iight engine from the downstream portion of the
diffuser to the combustor exit was mounted in a connected-pipe facility.
The tests encompassed a range of combustor-inlet conditions nesrly as ~
wlde as those predicted for the flight vehicle. The conditions inves-
tigated were-as follows: inlet-air pressure, 3.55 to 29.9 pounds per
square inch sbsolute; temperature 506° to 704° R; air flow, 1.62 to
16.26 pounds per second; equivalence ratio, 0.107 to 0.927. The perform-
ance 18 reported for several fuel-injector and flame-holder configurations

<
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eand two combustor lengths. Data for the best performing configuration
are discussed in detall. In addition, the flight performance of the
proposed engine i1s egtimated from the combustion performance of the best
configuration. The experimental program was conducted from October to
December, 1953.
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SYMBOLS
The following symbols are used in this report:
crogs-sectional area, sq ft
barrel thrust, 1b

t t efficient
hrust co cient, F/quz,b
combustor force coefficient, F/Pzﬂz,b

specific heat

total stream momentum at nozzle exit, 1b
fuel-air ratio

acceleration due to gravity, 32.17 £t/sec?
enthalpy, Btu/lb air

mechanical equivalent of heat, 778 ft-1b/Btu
Mach number

total pressure, 1b/sq ft abs

static pressure, 1b/sq £t ebs

dynamic pressure, 1b/sq £t

gas constant, (£t-1b)/(1b)(°R)

air speclific impulse for M= 1, sec

fuel welght specific impulse for M= 1, sec
total temperature, °Rr

static tempersture, %R
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v velocity, £t/sec

v specific volume, cu f£4/1b gas
W welght-flow rate, 1b/sec

X weilght ratioc of condensed prodqcts to totel products
Y ratio of specific heats

| combustor efflciency

p density, 1b/cu £t

P equivalence ratio

Subscripts:

o free stream

1 inlet plenum

2 diffuser exlt

2,b denotes effective combustor-inlet conditions, computed from density
at stetion 2 and flow area equal to maximum combustor cross-
sectional area : '

3 combustor exit

4 exit plenum

a atr

c condensged

e effective

g fuel

[ gas

n nozzle throat

P constant pressure
T based on total tempersture |
t total

v constant volume
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Superscript:

* conditions where M= 1

FUEL AND APPARATUS

Fuel. - The fuel used in this investigation was obtained through
the cooperation of the Bureaun of Aeronautics, Department of the Navy-
Values of several of the physical properties of pure pentgsborane are
shown in the followlng table:

Formula weilght « « + o ¢ ¢ ¢ ¢ ¢ ¢ ¢ ¢ o 4 & « o o s o« 2 o « « = B3.17
Melting point, °F . . . e e e s s e s 4 4 s s s e e e w e s s -B2.3
Boil:Lngpo:Lnta.t760mmHg,°F.................137.1
Heat of combustion, Btu/lb « « « « « « « « o o o o o o « o o « . 29,127
Heat of combustion, Btu/cu £ - « « « « « « « « & « o « « . 1,166,741
Stoichiometric fuel-air ratio . .« . ¢ ¢ ¢ ¢ o« v ¢ ¢ ¢ « &« -« « « 0.0763
Density at 329 F, &/CC « + « = « « v« o o v« ¢ o 4 o o o o o o + « 0.643

Fuel-system and ram-jet installation. - A diagram of the fuel sys-
tem 1s shown in figure 1. The fuel tank was fltted with a sliphon ex-
tending to the bottom of the cylinder and a gas inlet located at the top
of the cylinder. Fuel was forced from the tank by helium pressure, con-
trolled by a remotely operated regulator. Fuel flow was started and
stopped by & remotely controlled, pressure-operated piston valve. The
fuel-flow rate was governed by the pressure-flow characteristics of the
fuel injector and by the preset helium fuel-tank pressure.

The engine was mounted as shown in figure 2. Inlet and outlet ducts
were connected to the laboratory air supply end the altitude exhaust sys-
tem, respectively. The combustion alr was metered, and then was throttled
by a remotely controlled butterfly velve. The combustor wall was cooled
by diverting a fixed portion of the incoming air (approximately 80 per-
cent) through & 0.75-inch annulus between the wall and a cooling Jjacket
before entering the engine. A window in the inlet plenum permitted vis-
ual observation of the flame.

The combustion products were discharged into a barrel-type thrust
target mounted in the exhaust plenum. The gases, after being cooled by
water sprsys located in the barrel and the vertical duct, passed through
a fixed-baffle seperator and into either an exhaust stack and muffler or
the throat of an air ejector and muffler for exhaust pressures below
atmospheric.

Ram-Jet engine. - The 9.75-inch-dlemeter connected-pipe engine used
in the present investigation (fig. 2) simulates the internal dimensions
of a scaled-down version of the l6-inch-diasmeter engines reported in ref-
erences 6 and 7. The simuletion begins at the aft sectlon of the diffuser
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and continues to the combustor exit. The connected-pipe englne st the
lower altitude test conditlons had a straight pipe exit. However, in
order to improve the accurascy of the thrust measurements at high-
altitude conditions, a 7.25-inch-diameter convergent exhaust nozzle
was used.

The fuel injector and the flame holder were attached to the aft
end of the diffuser inmmer body, as shown in figure 3(a). The fuel in-
Jector had 24 ports of 0.0550-inch-diameter, all directed contrastream.
Three ports were in each of eight tubes mounted radially on & central
chamber. The ports were located so as to give as nearly a homogeneous
fuel-air distribution in the inmer 85 percent of the combustor srea as
pessible. The fuel injector was located 3— inches upstream of the end
of the flame holder. The flame holder was basicaILy a V-gutter with _
30-percent area blocksage (fig. 3(b)). However, the "V" is extended &%

inches upstream of the fuel injector. This fuel injector and flame
holder gave the best performance of any of the eight flame holders and
five fuel injJectors investlgated during the development program, which
is discussed in gppendix A.

Ignition was provided by a magnesium flare, 2 inches in dismeter
and 3F inches long, with a nominal burning time of I5 secénds. The flare
was cemented into a tube which formed the center of the flame holder
(fig. 3(b)). The downstream (ignition) face of the flare coincided with
the trailing edge of the flame holder.

Instrumentation. ~ The combustion alr flow was measured by a square-
edged orifice conforming to A.S.M.E. standards. The fuel-flow rate was
recorded continuously by mesns of-a rotating-vane flowmeter (fig. 1)
giving an electric signal to s self-balancing, recording potentiometer.

A strain gage sensed the reaction of the thruat barrel to the exhsust
Jjet force.

Inlet and exhsust plenum pressures, combustion-ailr orifice differ-
ential pressure, static and total pressures at station 2, and static
pressures at station 3 (or n when an exhaust nozzle was used) were
sensed by pressure transducers. These pressures and the strain-gage
forces were indicated on an eight-channel oscillograph which recorded
the data continuously as & Tunction of time. The upstréam orifice pres-
sure was sensed by a pressure transducer and was indicated on a self-
balancing potentiometer. In some of the tests, duplicate pressure meas-
urements were obtained by using manometers.

Temperatures, recorded with self-balancing potentiometers, were
measured with thermocouples at the following stations: - combustion-air
orifice, engine inlet, and combustor wall (six separate thermoeouples at

locetions shown in fig. 2).
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Temperatures at various stations in the fuel system were messured
by thermocouples, but indicated on nonrecording potentiometers.

PROCEDURE

Cholce of test coOnditions. - A proposed flight path was computed
for the flight engine, using the data of reference 7 and assuming an
exit temperature of 3000° R and a combustion efficiency of 920 percent.
The engine would accelerate from the starting condition of My = 0.56
at 35,000 feet altitude to My = 2.0 at 13,500 feet altitude in 32.3
seconds, after which the fuel would be expended. Figure 4 shows the
anticipated flight path. Combustor-lnlet test condltions were chosen
to simulate the flight conditions nésr the start of the flight, in the
transonic region (Mg = 1.1), and near the end of the flight. The flight
condltions selected for simultation are indicated on figure 4 and the
required combustor-operating conditions together with the actusl test
conditions are listed in the followlng table:

Anticipated £light condifions Connected-pipe conditions
Point Wes Equiv- Pa, Ta, W Equiv- Pg, Ty,
1b/sec | 2B | 1p/sq | °R | 1p/sec| 2% | 1p/sq | °R
ratilo ratlo
in. abs in. abs
(n=90%
1 1.8 0.45 4.6 430 2.1 0.23 4.9 517
2 5.4 .45 10.3 530 5.3 -46 10.2 537
3 15.0 .43 27.4 680 14.4 <43 26.8 643

Because of a limited alr supply, the highest Mach number of the projected
flight path that could be simulated was about 1.6. Unavailability of
refrigersted sir produced an inlet-tempersture of about 90° F, which is
too high for exact simulation of the initial part of the flight.

Calibration. - The thrust-measuring gpparatus was callibrated with
dead weights prior to and sometimes after each run. A check of the
instrumentation was made before and after each run by obtalning steady-
state, cold-Plow data at several air flows and combustor pressures and
comparing the recorded data with menometer and gasge readings. In addi-
tlon, the pressure-recording equipment was sublected to a comprehensive
calibration spproximetely every five runs. The fuel flowmeter was cali-
brated with gasoline at intervals during the investligation and the meas-
urements converted to pentaborane-flow rete by using a demsity-ratio
correction factor.

Test procedure. - Combustion alr was passed through the apparatus
before each run to permit the inlet ducting to approach equilibrium tem-
pereture and to obtain cold-flow data. The alr flow and the exit plenum




8 w_—————— NACA RM ES4I18

pressure were preset at the desired test condition and the fuel lines
were purged with helium. Pressure was applied to the fuel tank snd the
recorder chart drives were turned on. The flare was then ignited and
the fuel valve was opened. . ' )

At low-altitude test conditlons, where fuel-flow rates were high,
the alr flow was varied, in steps of decreasing flow, at gbout 5-second
intervals, and then increased to the open-throttle starting condition.
After & short time interval the fuel was shut off. For high-altitude
test conditions, the fuel-flow rates were sufficiently low to permit a
longer run_without consumption of a large emount of fuel. Sufficlent
time was then allowed after ignition to permit the manometers to achieve
equilibrium conditlons. At each air flow, the manometer readings were
recorded, either manually or photographically, after which the air flow
was decreased and another steady-state point taken. The fuel-flow rete
was then decreased, a final steady-state point taken, and the fuel shut
off.

Immediately after the fuel was shut off, helium was purged through
the fuel injector and fuel-supply lines downstream of the fuel shut-off
valve. After a S-minute helium purge, the system was purged with gaso-
line and then again with helium. The engine was then disassembled and
inspected for material fallure and oxlde deposition.

DATA REDUCTION

Data pointswere gelected from the continuous records at conditions
where the sir- and fuel-flow rates, thrust, and combustor pressures were
either constant—or almost so. The combustor-inlet conditions were cal-
culated assuming isentroplc diffusion of alr from the end of the diffuser
to the meximum combustor area. '

By determining the equlyvalence ratioc ¢ideal, which should theoret-
ically yield tz, a combustor efficlency factor can be defined:

!
n = chideal ) 100 <l)
actual/ ( constant t3)

The combustor efficiency 1 comperes the theoretical amount of-fuel with
the actual emount of fuel required to produce a glven thrust level. It
includes the effects of inefficient burning in the combustor, nozzle
losses, heat losses to the combustor walls, and possible losses due to
the Plow characteristics of the heterogenecus exhaust products. The
values of ©z and Mz are obtained from the relations

3286
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. = PzhsVz (2)
3= (T - 05w, .
A2
3 (3)

Ms =
/\/(l - X)T38R3t3

Equations (2) and (3) ere presented in appendix B and thelr use is ex-
plained in appendix C.

The parameters used to evaluate the fuel performance were ailr and
fuel specific Impulses. They are a measure of the thrust-producing
capability of the fuel-engine combination and account for the thermo-
dynamic characteristics of the exhaust products. Air specific impulse
is given by

S = F/Wy (F¥F) (4)

where F for the experimental data is derived in reference 8 and 1is
expressed by

F = B + D4hz (5)

Values of (F/F¥) for various values of ¥z and Mz are tabulated in
reference 8. The fuel specific impulse is given by

5
Sp = F/Wy (F¥/F) = Waz (6)

The combustor pressure losses were computed as the dimensionless
ratio Ps; - P3/q2,b and are customarily expressed as a function of the

density ratlo across the combustor:

P2,b _ Pz,b)c*sts) 1)
Pz R2%2/ \P3
Another method of evaluaiing the thrust potential of a glven com-

bustor is by using the combustor force coefficient, derived and explained
in reference 10. This coefflcient

O = PzAFz,b (8)

simplifies the accounting for the verious pressure losses In the com-
bustor. In addition, it is independent of all combustor environmental

varlables except inlet Mach number.
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The predlcted performance of the flight engine was calculated from
the experimental values of the combustor force coefficient. With addi-
tionel data from reference 7 for diffuser pressure losses, values for
the thrust coefficlent and the corresponding specific fuel consumption
were determined. The thrust coefficient was calculated as follows:

v
F 0
WaQTa =) " Pots )
Cm = . - (9
T Qohz2,p

PRECISION OF DATA

The primary paremeter, combustor efficiency, used to express com-
bustor performance was determined from thrust meassurements. The air
specific impulse values were also computed after determining the exhaust-
gas stream total momentum. Reference 8 points out that the thrust barrel
provides an accurste method of determining thrust, particularly at low
values of nozzle expansion ratio. Thus, the error in B depends on the
accuracy of the instrumentatlon: The high-response-rate recording
instruments had an error of 12 percent at full-scale reading.

For tests at simulated low-altitude conditions, the exit plenum
pressure p, was obtained from stmospheric pressure and the difference
between atmospheric pressure and py. Since the difference value was in
error by only 2 percent, the value of Py "~ hsad only 1/2 percenterror.
Although steady-state calibration checks were made at high-altitude con-
ditions, the error remained an estimasted 1/2 percent. The expected error
in the total stream momentum B + p4A5 was of the order of 2.5 percent.

By cereful cholce of lnstrument ranges, the probgble error in the
air-flow measurement was meintalned at about 1 percent for all test
conditions. The fuel-flow error was maintalned to within 2 percent.
Thus, the air specific impulse was estimated to be 1n error by 3.5
percent.

The combustor-outlet-velocity depended on the thrust measurement
and the total mass flow through the engine. ZErrors in this velocity
were estimated at 3 percent. FErrors in the outlet temperature (which is
obtained from the velocity) were estimated at around 5 percent. An
examination of the slopes of the temperature - equivalence-ratioc curves
for penteborane presented in reference 11 shows the magnifying effect
errors in the outlet temperature have on the ideal equivalence ratio
and, subsequently, on the combustor efflciency. The error in ldeal
equivalence rstio was estimated at 17 percent for temperatures in the
region around 3000°_R where the liguid exhaust products vaporize. This
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corresponds to a 20 percent error in the combustor efficiency. Opera-
tion in the region of outlet temperatures of approximstely 5000° R also
produced the same magnitude of error. The error in ideal equivsalence
ratio for the remaining temperature regions was only about 9 percent
with & corresponding error of 12 percent in the combustor efficiency.

RESULTS AND DISCUSSION
Connected-Pipe Performance

The engine development program (eppendix A) included an investiga-
tion of the effect of five fuel-injector configurations, elght flame
holders, and two combustor lengths. Resulting from this program was a
combustor configurastion which exhibited the best over-all performance of
the configurations investigated. It contained the following components:
fuel injector C (£ig. 17(e¢)), 24 Pixed-area orifices directed contra-
stream; fleme holder H (fig. 18(h)), an elongated V-gutter-type blocking
30 percent of the combustor ares;_ combustor of 45 inches length; igni-
tion device, & 2-inch-diameter, Bé—inch—long, centrally mounted magnesium
flare. The advantages of such a design are as follows: Because of the
high reactivity of the fuel, burning upstream of the rear face of the
flame holder was anticipated to cause burnout of a simple V-gutter flame
holder. By maintaining passages of constant area between the fuel-
injector station and the downsgtream end of the flame holder, a high ve-
locity is produced &t the fuel-injector station. Thls reduces the tend-
ency for burning upstream of the end of the flame holder and improves
the atomization of the fuel. In addition, the elongsated “V" design
produces g sheltered zone of constant area even though it is progres-
sively burned away from ite downstream end. Table I presents the pri-
mery deta and the followlng paragrephs discuss the performence obtalned
with this combustor configuration. For high-altitude conditions (start
of f£light test) a 7.25-inch-dlameter convergent exhaust nozzle was added
to improve the accuracy of the thrust determination. At low-altitude
conditions, some data were obtained without a flame holder.

Combustor efficiency. - Combustor efficiency of the best-performing
configursetion is shown in figure 5 as & variation of equivalence ratio.
Points obtained in less than 2.0 seconds from the start of each run were
ignored when fairing the curves and are presented only to show that the
engine was up to operating conditlions In a short length of time.

The combustor efficiency was above 85 percent throughout the range
of test conditions, which included equivalence ratios from 0.107 to
0.927. These data were cross-plotted at an equivalence ratio of 0.45,
the proposed flight condition, and are presented in figure 6 as a func-
tion of combustor-inlet pressure. The combustor efficiency increased
from 89 to 96 percent as the inlet pressure increased from 5.7 to 28.3
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pounds per square inch absolute. Combustor-inlet temperature and veloc-
ity varied, in addition to the combustor pressure, and the effects of
these varliables are Included in the data of figure 6.

Alr specific impulse. - Air specific impulse is presented as a
variation of equivalence ratic in figure 7. Included in figure 7 are
ideal pentaborane performence curves for the combustor operating condi-
tions encountered in the experimental work. The air specific impulse
increased with increasing equivalence ratio. It remained near ideal
values throughout the range of equivalence ratios despite the wide range
of inlet conditions. Impulse values of 90 and 175 seconds were achleved
with pentaborane at equivalence ratios of 0.10 and 0.93, respectively.

Fuel specific impulse. -~ The variation of the reciprocal of Ffuel
specific impulse (specific fuel consumption) with air specific impulse
is shown on figure 8. Again, ideal curves for pentaborane sre presented.
The actual fuel consumption does not exceed the theoretical by more than
15 percent at any of the conditions investigated.

Combustor-inlet conditions. - Combustor-inlet conditions of pressure,

velocity, and Mach number are presented in figure 9. The inlet tempera-
ture remained congtant for each run. CQurves of constant fuel flow are
drawn through the data points. The combustor-inlet conditions ranged as
follows: pressure, 3.5 to 30.0 pounds per square inch absolute; veloc-
ity, 142 to 265 feel per second; Mach number, 0.128 to 0.211; and tem-
perature, 46° to 200° F.

Combustor pressure losses. - The combustor total-pressure loss be-~
tween stations 2 and 3 is shown in figure 10. The solid line drawn on
the figure represents the sum of the theoretlical momentum pressure losses
due to heat addition, and the isothermal pressure losses as determined
by cold-test data. This curve of predlcted pressure loss is followed
closely by the measured pressure losses. The considersbly smaller pres-
gure losses of runs 8 and 9 are to be expected, since runse 8 and 9 were
made without a flame holder.

Combustor force coefficient. - Shown in figure 11 is the varilation
of combustor force coefficlent with combustor-inlet Mach number. Theo-
retical curves of combusgtor force coefficient both with a 7.25-inch-
diameter exit nozzle and without an exit nozzle are presented for com-
bustor frictional total-pressure losses of O, 2, and 4q. IExperimental
pressure losses, excluding those due to heat addition, are seen to vary
from O to 3¢ under operating conditions both with and without an exit
nozzle. Experimental dats for the 7.25-inch-diameter exit nozzle were
obtained at an exit Mach number of 1.0. The value of the combustor
force coefficient to be used in the predicted flight-performsnce compu-
tations may be considered constant at 0.972 for the range of conditions
of interest, since the proposed flight vehicle has no exit nozzle.
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Solid deposition. - After each run solld deposits were found on all
internal surfaces of the combustion chamber inecluding parts of the fuel
injector and the flame holder. Typical deposits on the fuel injectors
and the flame holder are shown in figure 3, while the deposits on the
combugtor walls are typified by those shown in figure 12. In general,
the total deposits increased as the total fuel used per run inecreased
and as the simulated altitude increased. Maximum deposit thickness on
the combustor wall was asbout 1/8 inch. An analysis of deposition effects
based on deposits found after each run wass complicated by several fac-
tors: . (1) Equilibrium was probably not obtained in the short-duration
runs; and (2) the appearance of deposits during combustion probably was
quite different from deposits existing after the run, since residusal
fuel in the line continued to burn after the purge cycle was started.
The deposgits did not measurably affect the engine performance, since the
combustor pressure losses did not Increase with time during the runs

(table I).

Ignition. - The single megnesium flare provided satisfactory lgni-
tion for the entire range of conditions investigated: equivalence ratio,
0.10 to 0.52; combustor-inlet static pressure, 4 to 30 gounds per square
inch absolute; and inlet static temperature, 46° to 217 . The
combustor-inlet velocities assoclated with the startling conditions were
higher than the normal inlet velocitlies listed in teble I. Shift of
flare position from the center to the wall or to near the exit had no
effect. Direction of the flare salso produced no noticeable effect on

ignition.

Attempts made to ignite without & flare resulted in autoignition at
the simulated low-altitude condition. Autoignition did not occur at
slmulated high-altitude conditions.

Engine durgbility. - No engline damage was visible in the five short
tests presented. In general, the cooling system was adequate for the
short-durations tests thet were employed, although the external combustor-

wall temperature, measured lé inches upstream of the exit, was still in-
creasing at the end of & run (table I).

Combustion stebility. - At all the conditions investigated, combus-
tion was smooth and stable. Stable combustion also occurred throughout
the combustor development program described in appendix A for several of
the combustor configuretions. The exceptional qualities of the fuel were
further demonstrated by the continued burning of fuel being purged from
the lines into the burner. The flame was observed to gradusally dim, and
at no time did a sharp flame-out occur; thus burning was sustained at

extremely low fuel-gir ratios.
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Estimated Flight Performance

Thrust coefficients and specific fuel consumptions were computed
for the flight vehicle by using experimental data presented herein to
determine thrust values and data from reference 7 for diffuser pressure-
losses.

Simulated flight conditions. - The ranges of the combustor-inlet
parsmeters encountered during the investigation corresponded to three
widely separated flight test conditions. As indicated in figure 4, these
conditions simunlated flight free-gstream Mach numbers of 0.67, 1.10, and
1.63, corresponding to altitudes of 33,000, 26,000, and 17,500 feet,
respectively. Also chosen for analysis was the condition at the diffuser
design Mach number of 1.80 for an altitude of 15,500 feet. .Since the
necessary experimental data at a Mach number of 1.8 were unavaillsble,
experimental data for & condition simulating Mach 1.63 were used. For
each condition, then, valuee of thrust coefficient and specific fuel
consumption were determined for an operating equivalence—ratio renge of
0.2 to 0.5. -

Thrust coefficlent. - Figure 13 presents the variation of the thrust
coefficlent with equivalence ratio for four f£light Mach numbers. For the
equivalence-ratic range of 0.2 to 0.5, the coefficients increase with
increasing fuel flow. Inflections of the two lower curvee asre due to the
vaporizgtlion of liquid oxlde in the exhaust stream in the temperature
region involved. A cross plot of figure 13 at the proposed opersting
equivalence ratio of 0.45 is presented in figure 14. For the flight
operating condition, the thrust coefficlent increases as the flight Mach
number increases. Near the end of the f£light, at the design Mach number
of 1.8, the thrust—coefficlent starts to level off sharply at & value of

0.8.

Thrust specific fuel consumption. - Thrust specific fuel consumption
is presented in figure 15. Fuel consumption rises with increased
equivalence-ratio operation. It also appears to rise when the equiva-
lence ratio 1sg sufficlently lowered. Filgure 16 presents the fuel con-
sumption along the flight path for the proposed operstlinog equivalence
ratio of 0.45. The fuel consumption drops off sharply at the beginning
of the flight and levels off at a fuel consumption value of 2.1 pounds
of fuel per hour per pound thrust towards the end of the flight.

SUMMARY OF RESULTS

An investigation of a 9.75-inch-diameter connected-pipe ram-jet—
engine using pentaborane fuel was conducted to develop a combustor con-
figuration and fuel~handling techniques suitable for use in a flight
engine. The results are as follows:

3286
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1. A combustor was developed for pentasborane fuel that provided
acceptable combustion performance for equivelence ratios between 0.107
and 0.927 for combustor-inlet pressures between 3.6 and 29.9 pounds per
square inch sbsolute, and for combustor-inlet temperatures between 46°
and 200° F. Combustion limits were not determined.

2. Combustor efficiencies of 89 and 96 percent were obtained at
combustor-inlet pressures of 5.7 and 28.3 pounds per square inch absolute
for an equivalence ratlio of 0.45. ’

3. An gir specific impulse of.175 seconde was cbtalned at an equiv-
alence ratioc of 0.93.

4. When evaluated under burning conditions, the combustor frictional
pressure losses ranged from O to 3q (where g is dynamic pressure).

5. Ignition of the ram-jet engine was successfully accomplished by
an electrically fired megnesium flare at pressures of 4 to 30 pounds per
square inch gbsolute over an equlvalence-ratio range of 0.10 to 0.52.

6. The deposition of solid combustion products was confined to a
thin layer on the combustor walls and on the fuel injector and flame
holder. This deposition did not affect the combustion performance for
the small amounts of fuel used in each test. The durability of =11 com-
bustor parts was satisfactory. '

7. The flight performance of a 9.75-inch-diameter ram-jet engine
was estimated from the combustlon performance reported herein and dif-
fuser recovery data obtained from ram-jet engine data reported previ-

ously.

Lewis Flight Propulsion Leborsgtory
National Advisory Committee for Aeronautics
Cleveland, Ohio, September 15, 1954
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APPENDIX A

CONFIGURATION DEVELOPMENT

The program presented herein was directed towards the development
of a combustor for use in a particular flight vehicle. The flight vehi-
cle was & scaeled-down model of & type of ram-jet engine investigated in
references 6 and 7. Reductlon of the engine diameter to 39.75 inches was

necesgary in order to conserve fuel, which was availeble in limited quan-

tities. The total amount of fuel used in the program, configuration de-~
velopment and evalustion of final design, was 92.8 pounds. Eight flame

holders, five fuel injectors, and two combustor lengths were investigated

(figs. 17 and 18). The combustor efficiencles achieved by the various
combustor configuratlons ls presented ageinst equivalence ratio in fig-
ure 19. e AR o o

Locatlion of the fuel system in the diffuser center body of the
flight vehicle suggested the use of a single-point injector mounted on
the aft end of the diffuser. This injJector was a pintle-type nozzle
with the pintle grooved to produce eight stresms of fuel. This injector
with a 50° shroud (fig. 17(a)) was tested with flame holders A, B, and C
(fig. 18)). Only fleme holder B (represented in fig. 19 by run 3) gave
results high enough to be plotted.

These poor results indicated that a homogeneous fuel-air distribu-
tion was perhaps more desirasble than locelly fuel-rich zones. Data in
reference 12 suggested the use of multiple orifices, injecting contra-
stream to the air flow. Fuel injector B, 12 orifices, was used with
flame holder A in run 45 the results of which are shown in figure 1S.

Flame holders D and E were attempts to further atomlize the fuel
spray by providing s high-velocity region around injector B, still re-
taining the V-gutter flame-holding qualities. These deslgns improved
the efficiency slightly, as indicated by runs 5 and 6 (fig. 19). Better
spray charscteristics and distribution were obtained with injector C:

8 spokes, 24 orifices, contrastream. Results without a flame holder are

indicated by run 7.

Increasing the combustor length from 27 inches to 45 inches greatly
improved the efflciency over run 7, as indicated by rune 8 and 9. Al-
though the efficiencies of runs 8 and 9 indlcated a fleme holder was not
needed, use of flame holder H was necessary to lnsure smooth operation
at the starting conditions of the flight test (400° R and 3.72 1b/sq
in. abse.). The efficiency 414 not noticesbly change with the addition
of the flame holder. This fleame holder and fuel injector C provided the
£inel design, to be evaluated further and used in the flight vehicle.

Other configurations were injector D used with splash plates and
located upstream of flame holder ¥, and fuel injector E with flame hold-
er G. These results are represented by rums 10 and 11, respectively.
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APPENDIX B

THERMODYNAMICS OF FLOWING GAS STREAMS CONTAINING FINELY DIVIDED
PARTICLES IN VELOCITY ARD TEEdPlE:RAT[IlK;E EQUILIBRIUM

In this report it has been assumed that any particles of condensed
boric oxide are sufficlently smell to be in both velocity and temperature
equilibrium with the flowing gas. The assumption has also been made
that the volume of sollds 1s negligible. The conventlonal equations for
compressible flow can be written for gas streams containing finely di-
vided particles provided (1) allowance is made for the weight ratio X
of condensed products to total products, and (2) the value of 1 1is
defined as

=2 (B1)
where
cp = Xeg + (1 - X) o (B2)
and
Sy = Xeg + (1 -%) (op - 3) . (B3)

Flow equations for the two-phase system then may he expressed as follows:

Isentropic pressure-tempersgture relations:

T
r-1
2 - E_) (B4)
Pp \byp
and
o I
. <_8 (55)
Py Pe,1
Speed of sound:
V* = A/(1 - X) TeRt (B8)
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Mach number:

v
/(1 - X) Tert
Ratio of total to static temperature:

M=

CIUE R S

2
T Lo

Velocity resulting from isentropic expansion of mixture:

-1

y Pa\ 1
Y 2
- l-X—— T l"—
V 2gR ( ) 1 11 )
Equation of continuity:

PAV

Wt = TR

or

Y+l

bEs2d)Y

Momentum equation:

F = pA (1 + 7M2)

or

T s
?g(&Li-T é = M?)

RACA RM E547116

(B7)

(B8)

(B9)

(B10)

(B11)
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APPENDTX C

CHARTS FOR DETERMINING STATIC COMBUSTION TEMPERATURE AND THERMAL
PROPERTIES OF COMBUSTION PRODUCTS OF PENTABORANE

Combustor-outlet static temperature. - Reference 11 presents curves
of combustion temperature, for which negligible velocities at both the
combustor inlet and outlet are assumed. In actual practice, the high
combustor-outlet veloclty causes the kinetic energy to be an gpprecisble
fraction of the total energy possessed by the gases. The static
combustor-outlet temperatures will then be less than those indicated by
the curves of reference 11. This reduction in combustor-outlet static
temperature may be accompanied in some cases by shifts in chemical and
physical equilibria. The static temperatures with apprecisble velocity
then cannot be related to the temperature data of reference 11 for zero
combustor-outlet velocity by the conventional relstiont

+
- ——(M=0)
K 1+ Lo 22

In particular, this expression 1s unsuiltsble when a boron-contalning
fuel is burned at temperatures such that both liguid and gaseous boric
oxide are formed slmultaneously. It is therefore necessary to allow for
the kinetic energy of the combustor products when the static combustion
tempergture is determined for boron-containing fuels.

A series of curves has been devised for the combustion products of
pentaborane-alr mixtures by means of which the static combustion temper-
ature can be determined for an apprecisble combustor-outlet veloecity.
Allowance is made for the kinetic energy of the exhaust gases by sub-
tracting this energy from the combustor-inlet air enthalpy, thus yield-
ing an effective combustor-inlet air enthalpy

VZ

3
ha,e = ha,T,Z = 2gd (c1)

Figure 20 may be used to determine the value of the actual inlet-air
total enthelpy from the inlet-alr total temperature.

The variation of combustor-outlet static temperature with combustor
gtatic_pressure for effective inlet-alr enthalples of 110, 245, and 445
Btu per pound air is presented in figures 21(a), (b), and (c), respec-
tively. For intermediate inlet-air enthalpies, the data of figures
21(a), (b), and (c) may be cross-plotted on an interpolation chart (fig.
21(d)). Some examples will illustrate the cross-plotting techniques

and use of the curves.
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Assume that the varlation of outlet temperature with effective
inlet-air enthalpy is desired for a range of equivelence ratios at an
outlet static pressure of 2 atmospheres. This family of curves is con-
structed on the interpolastion chsxrt (fig. 21(d)). To aid the construc-
tion of these curves, included on the chart is a family of curves rep-
resenting the varistion of the saturation temperature with effective
inlet-eir enthalpy at various combustion pressures.

At an equivalence ratio of 0.3 and a combustion presgure of 2 at-
mospheres, combustion temperatures of 2380°, 2785°, and 3160° R are read
from figures 21(a), (b), and (c), respectively. These temperatures are
pPlotted on the Interpolation chart and are connected by the curve ABC.
All three points lie in the two-phase region, since the curve on figure
21(d) does not cross the 2-atmospheres pressure line.

3286

When sufficiently high equivalence ratlos are reached, the tempera-
ture on one or more of the pressure-temperature charts may lie in the
gaseous reglon, or sbove the saturation line. At an equivalence ratio
of 0.48 and 2 atmospheres pressure, temperatures of 31900, 3370°, and
3920° R sre read from figures 21(a), (b), and (c), respectively. The
latter two points lie in the gaseous region and can be connected with
reasonable accuracy by a straight line DE. Extending line DE to the
2-atmospheres presgsure curve determines the point G at which liquid .
starts to condense. The varistion of temperature with enthalpy in the
two-phase region is not linear. Since only two points are available to
determine the remainder of the 0.48 equivalence-ratio curve, a curve FG -
nust be approximated by the straight line FG.

Only one point, K, at an equivalence ratic of 0.40 lies in the gase-
ous region. Point J 1s located by drawing a line through K parallel to an
equivalence ratio line having two points in the gaseous region, such as
DE, and extending to the proper combustion pressure curve. A smooth
curve HIJ may be drawn in the two-phase reglion to complete the line HIJK.

Thermal properties of combustion products. - Three thermal proper-
ties, ratio of specific heats v, gas constant R, and welght ratio of
condensed producte to total products X are presented in figure 22,
which is similer to figure 21 for combustion temperature. Values of
these properties as a function of effective inlet-alr enthalpy atvari-
ous pressures and equivalence ratios are obtained by the use of the .
sccompanying interpolation chart. Examples st the same conditions as in
the previous discussion will illustrate the use of these charts.

Consider an eguivalence rativ of 0.30 at a pressure of 2 atmos-
pheres. Values of 54.93, 54.87, and 53.38 fool-pounds per pound °R for -
the gas constant from figures 22(a), (b), and (c), respectively, are
plotted as points A, B, and C on the interpolation curve (fig. 22(4))-
A smooth curve ABC may be drawn through the three polnts since all lie
in one region. At an equivalence ratio of 0.48, the point of tranmsition
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from two phases to a single phase must be determined. Values of R from
figures 22(b) and (c), plotted as points D and E on the interpolation
chart, lie in the gaseous region and may be connected by a straight line
DE. Extending line DE to the 2-atmospheres pressure curve determines
the trapsition point G for a combustion pressure of 2 atmospheres. The
remaining point, ¥, in the two-phase region, masy be commected to G by a
straight line, although FG should properly be a curved line. At an
equivalence ratlo of 0.40, only point K lies in the single-phase region.
The transition polnt J is determined by extending a line parallel to GDE
from X to the 2-atmosphere pressure curve. A smooth curve now can be
drawn to conmnect the other points, H and I, with J.

The families of curves of X agalnst pressure are handled in the
same manner as R. The values of X 1n the single-phase reglion are all
zero. For the same egqulvalence ratio end pressure, the transition point
occurs at the same effective inlet-alr enthalpy as it 4id for the gas
constant R. The remaining points are connected to the transition point
by a smooth curve. At 2-atmospheres pressure, an equivalence ratio of
0.30 is represented by the curve A'B'C', and an equivalence ratio of
0.40 Dby the curve H'I'J'K'.

Values of the ratio of specific heats Y do not vary greatly with
effective enthalpy. It has been found adeguate to construect smooth
curves on the interpolation chart. However, the y curves should undergo
a change in shape at the transitlion point. Examples of two egquivalence
ratios at 2-atmospheres pressure are presented. The broad black bands
appearing on two of the pressure-y famllies of curves represent an area
in which the equivalence-ratio lines are grouped too close together to
besr resding or lebeling. Values in thls region are selected from the
midpoint of the band.

The preceding methods may also be used to determine the temperature
and the thermal properties at any station in the exhaust nozzle. The
static pressure must be known at the particular station involved.
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»
Time ¥a, | Pp o | Pus We | Vo0 3as Cp |Tp/T Combus -
Tram 1b/oeo lb/.;q 1b/mq ib/sec | rt/aae s60 g" t bor wall
Btars i1, abs| in. g tempera-
of ocom- ' sba 1/msc ture,
bustion, °p
-1-1+3
l.2 |16.26 | 29.80 |18.81 0.610 | 255 145.6 | 0,238%1075 1,089 | 4.98 220
3.2 15.87 | 29.87 {1B.96 6086 257 148.8 . P63 1.078 |6.18 320
6.7 |11.18 | 26.14 [18.2% .610 | 219 183.5 L334 1.052 |5.95 480
7.8 8.66 | 22.21 |17.47 612 203 175.0 . 405 1.053 [8.58 600
10,1 [15.87 | 29.90 |19.38 604 | 282 150.3 . 257 1.070 | 5.18 785
1.9 16.22 | 28.44 [18.38 489 281 138.4 221 1.061 | 4.74 245
3,8 14.45 | 28.75 {13.24 478 245 148.0 255 1.061 [5.04 pasb
2.0 6.09 11.75 | 5.07 245 192 145.0 278 13.28 .9B8 |5.82 553
8.2 8.13 12.04 | 5.75 238 190 146.8 .288 . 12.83 977 |8.64 100
10.8 €.19 12.10 | 5.85 . 258 181 14k .268 10.80 .9756 |8.39 170
14.8 .23 12.16 | 8.20 224 193 145.7 L2850 10.48 974 |8.26 230
19.5 6.89 |11.87 | 8.10 .200 | 188 137.3 .252 10,84 9568 [5.76 345
24.% 5.21 10.40 | 5.47 .19% 183 1dk. 4 286 10.76 984 '8.2% 400
27.2 5.26 {10.28 | 5.28 .188 | 197 141.7 |- .2852 = [lo.58 985 [6.00 430
29,7 8,2t 10.25 | B.32 .183 138 141.2 246 11.22 970 |8.98 450
5.8 2.18 4,07 | 2.B8 0176 | 180 90.78 .080 1e.73 640 |2.54 45
9.8 2,13 4,38 2.585 08P6 177 85.58 108 5.28 641 (2,99 45
14.9 2.11 4.18 2.85 .021% 181 98,97 105 5.08 .B4d |P.B2 50
23.0 2.09 4.18 | 2.80 0281 | 180 95.89 .110 5.04 .638 !2.81 1+
28,5 1.74 | 3.71 | 2.38 0001 | 172 100.9 L1114 3.44 838 [3.17 70
28.7 | 1l.62 | 3.55 | p.32 .0199 | 187 105.5 118 3.63 .B40 |3.33 70
28.1 2.11 | 5,82 ) 2.88 L0887 | 145 ‘132.2 | .20 8.59 669 (8.60 50
32.0 £.11 6.87 | 2,85 L0625 | 142 135.0 .218 §.86 868 |5.80 80
38.1 2,10 | 5.65 | 2.72 0851 | 142 137.1 .86 8.70 875 |5.88 55
41.7 2,10 | 5.06 | 2.64 0447 | 163 120.4 77 5,36 662 |4.56 62
83.8 2.10 4.88 | 2.61 .0578 182 114.8 187 4.8¢ 852 |4.30 75
B89.8 2.10 4.86 | 2.81 L0572 | 184 114.5 .156 4.88 808 |4.28 80
BB, ¢ 1,80 .05 | 2.41 0381 | 180 124.0 .188 5. 75 8§50 [4.06 100
3.8 1.88 4.13 2.40 0344 | 154 120.5 170 b.42 .850 |4.67 80
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{a) View from side.

Flgure 5. - Inetallation of' fuel injector and #lame holder.
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(b) View from Aownsbream &nd.

Figure 3. - Concluded.

Imstallstion of fuel injJector and flame holder.
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Combustor efflciancy, 14, parcent
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Flgure 5, - Effect of eqguivalepce ratio on cambustor efflciemcy.
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Alr specific impulae, 5%, sec
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{a) simlated low altitude.

Figure 12. - Taposite on combustor wall.
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(b} Simulated high altituds.
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Figurs 12. - Concluded. Deposits on combustor wall.
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Flgurs 14. - Varlatlon of thrust coeffioisnt with flight Mach number for
proposed, £flight path at equivalence ratio of 0.45.
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(a) Fuel injector A: pintle nozzle with 50° shroud.

q’: H
A'J',".-'\' H

e
)

{b) Fuel injector B: 12 orifics; {c) Fuel injector C: 8 spoke;
6 spoke, 0.0550 inch dlameter; 24 orifice; 6.0550 inch diasmeter;
contrastream inJjection. contrastream injection.

- o
O O O

(d) Fuel injector D: 24 orifice tube;
0.0550 inch diameter; radisl injection.

#

%
[

B

o

CD-3758

(e) Fuel injector E: 5 point; pintle .
nozzle; downstream injection. :

Figure 17. - Fuel injectors.
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(a) Fleme holder A: armular V-gutter; (b} Flame holder B: shrouded can;
30-percent blocked area. ) . 65-percent open area.

\ 5
Q@A

X
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(¢) Flame holder C: can type; (d) Flame holder D: radial V-gutter;
133-percent open aresa. 6 elements; 30-percent blocked sares.

< (o) |

—

(e) Flame holder E: radial V-gutter; {f) Fleme holder F: crossed V-gutter;
6 elements, 50-percent blocked &area. 40-percent blocked area.

X
I] r’_,i:a_l

(g) Fleme holder G: annpular V-gutter; (h) Flame holder H: radial V-gutter;
40-percent blocked area. 8 elements; 30-percent blocked aresa.
CD-3757

Figure 18. - Flame holders.
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Pigure 20. - Total enthalpy of air.
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Figurs 21. - Combustor-outlet static temperature of pemtaborane-air mixtures. (4 large working
copy of this fig. may be obtained by using the request card bownd 4n the back of the rsport.)
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Figure 22. -~ Thermal properties of combustion producte of pentaborane~air mixtures. (A large working
copy of thie fig. may be obtained by using the request cerd bound in the back of the report.)
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